In some group-living organisms, labor is divided among individuals. This allocation to particular tasks is frequently stable and predicted by individual physiology. Social insects are excellent model organisms in which to investigate the interplay between physiology and individual behavior, as division of labor is an important feature within colonies, and individual physiology varies among the highly related individuals of the colony. Previous studies have investigated what factors are important in determining how likely an individual is, compared to nestmates, to perform certain tasks. One such task is foraging. Corpulence (i.e., percent lipid) has been shown to determine foraging propensity in honey bees and ants, with leaner individuals being more likely to be foragers. Is this a general trend across all social insects? Here we report data analyzing the individual physiology, speciWcally the percent lipid, of worker bumble bees (Bombus impatiens) from whom we also analyze behavioral task data. Bumble bees are also unusual among the social bees in that workers may vary widely in size. Surprisingly we Wnd that, unlike other social insects, percent lipid is not associated with task propensity. Rather, body size closely predicts individual relative lipid stores, with smaller worker bees being allometrically fatter than larger worker bees.
Introduction
Foraging is arguably one of the riskiest behaviors that an animal may undertake (Porter and Jorgensen 1981; Jeanne 1986; Suhonen 1993; Pugesek 1995; Visscher and Dukas 1997; Kukuk et al. 1998) . Searching is costly in terms of time investment and energy consumption. Leaving shelter to Wnd food increases an animal's exposure to predation (Alford 1975; Krebs and Davies 1997) . Of course, food collection is necessary, and every solitary animal must engage in this activity. However, in group living organisms, members may specialize on particular tasks, a process known as division of labor. These individuals are therefore faced with a "decision" either to forage or to engage in some other perhaps safer job.
Bees, ants, and wasps are popular organisms in which to study foraging decisions, as division of labor is a key feature of social insect societies (Robinson 1992; Beshers and Fewell 2001) . Many correlates in diVerent social insect species have been identiWed as good markers for an individual's propensity to forage. Previous work has identiWed the markers that play an important role in diVerent organisms, such as age in ants, honey bees, bumble bees, and wasps (Hölldobler and Wilson 1990; Jeanne 1991; O'Donnell and Jeanne 1992; Robinson 1992; O'Donnell 1995; Yerushalmi et al. 2006) ; genes in honey bees (Ben-Shahar et al. 2002) ; physiology in ants and honey bees (Robinson 1987; Dornhaus and Powell 2010) ; ambient temperature in ants (Hölldobler and Wilson 1990) ; dominance status in ants (Powell and Tschinkel 1999) ; and body size in wasps and bumble bees (Wilson 1980; Hölldobler and Wilson 1990; O'Donnell and Jeanne 1995b; Goulson et al. 2002) . One frequently identiWed factor is percent lipid, where a decrease in individual lipid stores precedes foraging in many social insects [wasps (O'Donnell and Jeanne 1995c; Markiewicz and O'Donnell 2001) , honey bees , ants (Porter and Jorgensen 1981; Tschinkel 1987; Tschinkel 1998; Blanchard et al. 2000; Robinson et al. 2009a, b) ]. It was hypothesized that keeping foragers (who are exposed to higher predation pressures) lean may be adaptive because they are often lost to the colony (i.e., a "disposable caste" (Porter and Jorgensen 1981; O'Donnell and Jeanne 1995a) ), thus reducing total energy loss to the colony. Also, leaner foragers might be better at maneuvering in the Weld or lighter in Xight (Porter and Jorgensen 1981; Robinson et al. 2009a ). However, in both circumstances, worker foraging propensity remains individually plastic and frequently aVected by a combination of the above factors (O'Donnell and Jeanne 1995c; Børgesen 2000; Markiewicz and O'Donnell 2001; Robinson et al. 2009b) .
Whereas previous work in ants and honey bees has advanced our understanding of what plays a role in foraging propensity, less is known about the relative importance of the factors, many of which correlate in bumble bees (Bombus spp.). Bumble bee workers, although highly related, may display a 10-fold diVerence in mass that is continuous, normally distributed, and symmetric around a single mean (Goulson 2003; ). This degree of size variation is unique to Bombus among the eusocial bees and appears to arise from the interplay of the spatial organization of the nest, the workers, and the brood (Couvillon and Dornhaus 2009; ). Larger workers develop and emerge from the nest center, which is also where the nurse worker bees tend to be found. Body size predicts worker task, where smaller bees are more likely to nurse and larger bees are more likely to forage (Goulson et al. 2002; ); there may also be an inXuence of age on foraging propensity (Yerushalmi et al. 2006) . However, overall the eVect is weak, and the probability of task switching remains high ).
In a previous study, small bumble bee workers survived colony starvation signiWcantly longer than their larger sisters . Why might this be? One hypothesis is that the smaller bumble bee workers may possess more stored nutritive resources, which may lead to the increased longevity during colony starvation. For example, smaller workers may possess higher lipid content per unit body mass than larger workers. In this type of allometry, although absolute lipid content may increase with body size, the mass speciWc lipid content (percent lipid) would be highest in small bees. However, even if that were the case, it is not clear whether it would be caused by body size per se, or a consequence of division of labor. Since (lack of) lipid stores is linked with increased foraging propensity in other social insects, and larger workers in bumble bees are more likely to forage (Goulson et al. 2002) , larger workers may be leaner in preparation for or as consequence of their foraging task. It is therefore necessary to analyze separately the relative contribution of body size (measured here as body mass) and propensity to perform particular tasks to individual bumble bee physiology. In other words, is the amount of lipid stored more strongly predicted by body mass, task (foraging likelihood), or an interaction of the two?
This we test here. We measured and analyzed lipid content of all the workers in bumble bee colonies for whom we had also collected task data. Interestingly, we did Wnd a wide variation among workers in the amount of stored lipids. However, individual percent lipid was not strongly associated with task repertoire, which was unexpected given the observed patterns in other insects. Instead, body mass strongly predicted relative lipid content (percent lipid), with smaller bees being allometrically more corpulent.
Materials and methods

Study organism and experimental set-up
We ordered two bumble bee colonies (B. impatiens; colonies A and B) from Koppert Biological Systems (Romulus, MI). Colonies were queenright with 15-20 workers at the start of the experiment and grew to over 100 workers by the end. Each colony was housed in a wooden nest box (22 £ 22 £ 11 cm) with screened ventilation holes and Plexiglass lid. In this way, the entire colony was visible, and an opening in the lid allowed for daily delivery of 1 rounded tsp of defrosted (fresh frozen) ground pollen. Nest boxes were connected by 30 cm long plastic tubing to a separate foraging arena (58 £ 36 £ 40 cm), where sugar solution ("BeeHappy", Koppert) was provided in feeders ad libitum. Feline Pine © cat litter covered the nest box base, which helped remove moisture that can lead to fungal growth. Room temperature (25°C) was held constant. As reported in previous studies, bumble bees quickly adjust to overhead lights (12: 12 L:D) and behaved normally (Couvillon and Dornhaus 2009; ). We tagged all workers with uniquely numbered plastic tags ('Opalithplättchen') at the start of the experiment. Additionally, throughout the course of the behavioral data collection, we tagged newly emerged bees (callows). Ultimately we tagged 116 bees from Colony A and 120 bees from Colony B. To allow the bees to acclimate to the laboratory, we waited 2 weeks after colony delivery to begin behavioral data collection. As bumble bees produce the range of sizes throughout the colony cycle, body size should not be confounded by worker age ).
Assigning task repertoire for each bee
As it was necessary to identify the task repertoire of each bee, we used instantaneous scan sampling 3 days a week from 26 February, 2009 -17 March, 2009 (Altmann 1974 ). On these days, we located and observed all visible workers and recorded the task that each bee was performing. This took approximately 1 h per colony, and we identiWed 80-90% of the worker bees each day; only those bees observed on Wve or more days were included in the analyses. Tasks were divided into nursing and foraging categories. Nursing tasks can be subdivided into larval feeding, incubating, constructing honeypots, inspecting the nest surface, scraping wax from pupal clumps, or drinking honey (Cameron 1989) . Foraging tasks can be subdivided into collecting nectar, collecting pollen, or probing honeypots inside the nest (Cameron 1989) . We also recorded guarding, fanning, or inactivity, and more rare tasks like excavating and undertaking (Cameron 1989; ).
We classiWed individuals as nurses, foragers, or "mixed". Nurses were deWned as individuals that spenţ 75% of observations performing nursing tasks; foragers were deWned as individuals that spent ¸75% of observations performing foraging tasks. "Mixed" workers did not fall into either category. These criteria and analyses are common methods of assigning task repertoire (Cameron 1989; ).
Extraction and quantiWcation of lipids
After we collected the behavioral data, we discontinued pollen feeding for 2 days; this allowed for worker crops to be emptied of pollen, which is a rich source of fat. We froze the colonies and collected bees in individually labeled Eppendorf tubes. When we were ready for lipid extraction, we gently scraped oV the number tags and quartered each bee along the mid-sagittal and transverse planes with a clean razor blade. We placed bees in batches of six on individual weigh boats in an oven to dry for 8 days at 60°C. We determined with a small batch of non-experimental bees that after 8 days, the mass of the bees no longer decreased, indicating that all the moisture had evaporated.
We determined our lipid extraction methodology from the literature (Folch et al. 1957; Bligh and Dyer 1959) and from discussion with a chemist (Prof. Leif Abrell) and insect physiologist (Prof. Goggy Davidowitz). First we recorded the dry mass (body mass) of each bee and placed it in a labeled Eppendorf tube and added under a chemical hood 700 l of 2:1 DCM-MeOH (dichloromethane-methanol), carefully pipetting up and down to encourage mixing. Using a disposable pestle, we ground the bee for 60 s, capped the tubes, placed them in a rack, and secured the rack to a 0.4amp Vortexer, where they were shaken for 15 min. Next we spun the tubes (14K rpm) in a desktop centrifuge for 4 min, allowing the tubes to sit for an additional 4 min after the spin. At this stage, lipids are dissolved in the supernatant, whereas non-soluable components (e.g., exoskeleton) remained as a pellet at the bottom of the Eppendorf tube. We carefully drew oV the supernatant, pipetting it into second clean, labeled, individually weighed Eppendorf tube. This we set aside.
Meanwhile, we resuspended the pellet in a second 700 l of DCM-MeOH and repeated the process. The second drawn-oV supernatant was combined with the Wrst, and the pellet/Wrst Eppendorf tube was discarded. We added 540 l of 0.9% NaCl to the supernatant in the second Eppendorf tube to precipitate phase separation of aqueous and organic layer. Tubes were shaken for 30 s and allowed to sit in a rack at room temperature for 5 min. At that time, 2 layers were clearly visible-a top, aqueous layer, which may be discarded, and a heavier, organic bottom layer, which contained the lipids. We carefully siphoned oV the top layer with a pipette, leaving the organic phase behind. The aqueous layer was discarded. The bottom organic layer was left in the uncapped Eppendorf tube under a hood for 24 h. After 24 h, the liquid solvent had all evaporated, leaving behind a lipid residue. The tubes were weighed, and the original mass of the individual tube was subtracted to obtain the total lipid mass. With this total lipid mass, we were able to calculate % lipid for each bee using the original dry mass (body mass).
Statistical analysis
All statistics were done using JMP ® v.8.0.2. We removed from the data set one bee from colony A and 14 bees from colony B because we had insuYcient task data on those individuals. We ultimately analyzed 195 bees: 14 nurses (3 from A, 11 from B), 77 foragers (34 from A, 43 from B), and 104 'mixed' workers (58 from A, 46 from B).
We used a Generalized Linear Model, blocking for colony-level eVects, to determine whether percent lipid (arcsine transformed) could be predicted by task category (nurse, forager, or mixed), dry mass (body mass), or an interaction of the two. The analysis was done in this way because previous work has demonstrated that body size predicts foraging behavior/task; therefore, we thought it necessary to include body size as a factor in analyses.
Additionally, we analyzed the relationship between dry mass (body mass; mg) and total lipids (mg) by allometric regression. Allometry was tested by log-transforming the raw data (dry mass [mg] and total lipids [mg]) and running an OLS (Ordinary Least Squares) analysis on the data (Warton et al. 2006) . In allometric analysis, the log-linearized slope of the regression between body mass and lipid content allows for comparison of relative lipid content as body size increases within a colony. A slope value of one, for instance, would indicate that a doubling of body size correlated with a doubling of lipid content, and slopes above or below one show that there is proportionally more or less lipid as worker bee size increases. If, for example, the slope is signiWcantly less than 1, this indicates a negative allometry, where smaller bees possess proportionally more lipid for their dry mass.
Results
Body mass strongly predicts percent lipid
There was a signiWcant relationship between percent lipid (measured as lipid/mass) and dry mass (body mass) of bees ( 2 = 28.00, df = 1, p < 0.001; Fig. 1 ). Given the direction of the relationship, smaller bees have greater percent lipid than larger bees (see Fig. 3 ). These results are consistent across colonies ( 2 = 0.55, df = 1, p = 0.46). Therefore, body size is a signiWcant factor for predicting individual percent lipid.
A small number (»16 individuals) of mostly larger bees with unusually high percent lipid clusters separately from the rest of the data (seen here and in Fig. 3 ). These individuals were not performing any speciWc subset of tasks, and so their function is unknown.
There is no eVect either of task or task £ mass interaction on percent lipid in bees We found no evidence that task (nurse, forager, or mixed) could be used to predict percent lipid ( 2 = 0.20, df = 2, p = 0.90; Figs. 1, 2) . The eVect of the interaction between dry mass (body mass) and task on percent lipid was also highly non-signiWcant ( 2 = 1.23, df = 2, p = 0.54). Therefore, task is not a signiWcant factor for predicting individual percent lipid.
When task (nursing or foraging) is measured as a continuous, quantitative variable (% time), we see no signiWcant correlative relationship: individuals with disproportionately more lipids do not spend more time nursing (Generalized Linear Model, blocked for colony level eVects: Factor Dry Mass: 2 = 3.31, df = 1, p = 0.07; % Lipid (Arcsine transformed): 2 = 0.50, df = 1, p = 0.48; Dry Mass £ % Lipid Interaction: 2 = 0.10, df = 1, p = 0.75). While larger bees were more likely to forage, there is no evidence to suggest that individuals with disproportionately less lipids spend more time foraging (Generalized Linear Model, blocked for colony level eVects: Factor Dry Mass: 2 = 4.25, df = 1, p = 0.04; % Lipid (Arcsine transformed): 2 = 2.03, df = 1, p = 0.15; Dry Mass x % Lipid Interaction: 2 < 0.01, df = 1, 0.95) (data not shown). (Fig. 3) . Additionally, we found that when examining total lipids (mg) with body size (mg), the resultant slope was signiWcantly diVerent from 1, indicating allometry (R 2 = 0.56; Log [Total lipids (mg)] = (0.61)(Log [Dry mass (mg)]¡0.27); Fig. 3) . SpeciWcally, the slope (m = 0.61, CI = 0.53-0.68) was signiWcantly <1 (F = 114.32; p < 0.001), indicating a negative allometry between total lipids and body mass. Smaller bees, although possessing less total lipids, are proportionally more corpulent.
Discussion
Here we show that in smaller worker bumble bees, a signiWcantly higher proportion of body tissue consists of lipids, most likely fat storage, compared to larger worker bumble bees. Therefore, there is a mass-speciWc lipid content decrease with increasing size, perhaps as a consequence of another body part's over-development. However, individual task performance did not signiWcantly correlate with percent lipid. This is surprising, as a decrease in lipids in some other insects has been associated with that individual's propensity to forage (O'Donnell and Jeanne 1995c; Robinson et al. 2009a ).
In our experimental set-up, foragers were not required to Xy to gather nectar. Instead, they crawled through 30 cm of tubing to an arena containing a feeder, therefore saving on energetically-costly Xight. It is possible that if foraging activity were more strenuous, foragers would indeed lose more of their nutrient storage (O'Donnell and Jeanne 1995c). However, the relationship of lipid storage and foraging has in the literature been reported such that a decline in lipids usually precedes the onset of foraging, rather than being a consequence of it (O'Donnell and Jeanne 1995c; Robinson et al. 2009a ). Indeed, foraging itself seems to have very little-if any-eVect on the lipid stores in honey bee foragers , a result anticipated by evidence that Hymenopteran foragers exclusively oxidize carbohydrates during Xight (Heinrich 1975; Rothe and Nachtigall 1989; Gäde and Auerswald 1998) . In addition, the correlation of low lipid stores with foraging activity has also been reported in ants, which do not Xy (Blanchard et al. 2000; Robinson et al. 2009a, b) . Therefore, it is likely that even if bumble bees in our experiment had to Xy to forage, we would not have found a relationship of foraging activity with lipid stores.
We did not control for the ages of analyzed workers.Previous work has demonstrated that all sizes of workers are produced throughout the colony cycle ; we extracted lipids on the workers at the end of the behavioral observations, so all ages/sizes were present, and any eVect of age would therefore be distributed throughout the population. It was also demonstrated in ants (Blanchard et al. 2000) , wasps (O'Donnell and Jeanne 1995c) , and honey bees ) that age is not strongly associated with level of fat stores. However, not controlling for age means we are unable to rule out if the lipid content distribution we describe is present from birth or accumulates during adulthood. Still, we are conWdent at least that task does not explain diVerences in nutrient distribution. It would be an interesting follow-up to examine the percent lipid in newly emerged (callow) bees, whose body size and shape is Wxed upon eclosion, as it is in all holometabolous insects.
Our criterion for assigning task data was strict, where an individual must be observed performing a task ¸75% of time to be considered in that category (e.g. nurse). This was necessary, as individual task switching is often observed ). Lowering the threshold for task assignment would likely not change the results, as it is clear from Fig. 2 that a range of body sizes and percent lipids is dispersed throughout all three task types.
In some other social insects, particularly certain ant species, individuals with high nutrient stores fulWll an additional adaptive purpose in a unique caste known as repletes, which are not found in bumble bees. These individuals carry a disproportionate amount of nutrients (i.e., carbohydrates, lipids, proteins) that are stored and available at the colony level (Wilson 1974; Porter and Tschinkel 1985; Tschinkel 1993 Tschinkel , 1998 Hahn 2006 ). Repletes may not perform other tasks in the colony. Thus, it is interesting to consider that for repletes, lipid storage is a task in itself (Burgett and Young 1974; Lachaud et al. 1992) . Therefore, future studies on lipid content in bumble bees should also analyze inactivity to determine if, for example, fatter individuals are more likely to not do more traditional tasks.
How might smaller workers have developed to possess disproportionately more lipids, irrespective of task? One hypothesis is that adult worker size and body composition (e.g. lipid content) are products of nutritional conditions experienced during the larval period. In insects generally, body size and content are highly inXuenced by both the amount and quality of food consumed Simpson 1996, 1999; Ojeda-Avila et al. 2003; Shingleton et al. 2007) . As with many social insects, larval nutrition is determined by the nursing worker adults within the colony, and adult size is directly correlated with the quantity of food received as a larva (Plowright and Jay 1968; Pendrel and Plowright 1981; Plowright 1988, 1990; Pereboom et al. 2003) . Nurses feed 4-15 larvae in a single bout on a regurgitated mixture of nectar and pollen; these larvae are located throughout the nest from center to periphery (Katayama 1973; Michener 1974; Alford 1975; Ribeiro et al. 1999) . A larva's physical position in a colony, Wxed at oviposition in bumble bees, will inXuence how much food she receives and, therefore her adult size and potentially lipid content. Larvae at the center of the nest are fed more often than those at the periphery and develop into larger bees (Couvillon and Dornhaus 2009 ) that also possess a smaller proportion of lipids comprising their body mass.
How, then, might food given more frequently to the larvae in the nest center result in a bigger/leaner bee, while the same food given less frequently to the larvae at the nest periphery result in a smaller/fatter bee? One potential explanation is that being fed less often or with smaller amounts of food per feeding-bout causes shifts in the relative allocation to storage during larval development, presumably at a cost to overall growth. As resources become scarce or diminished, organisms may store a greater proportion of their incoming resources in reserves (Raubenheimer and Simpson 1997; Raguso et al. 2007 ). For example, frequent feeding may down-regulate the amount of larval resources that are committed to storage, while growth processes in general are up-regulated, creating a larger though leaner adult. In contrast, longer periods between feeding bouts or general reduction in larval nutrition may cause the larvae to commit more nutritional resources to storage rather than growth, ultimately producing a smaller though more corpulent adult. Although hand-rearing bumble bee larva is diYcult (Pereboom 1997) , it would be illuminating to test directly if food quantity and feeding frequency aVect size variation and individual body composition.
Why then would smaller bees develop proportionally higher lipid content? Previous work that found a strong eVect of task on relative individual lipid content proposed non-mutually exclusive adaptive hypotheses, namely the idea of a "disposable caste" (Porter and Jorgensen 1981; O'Donnell and Jeanne 1995a; Woyciechowski and Kozlowski 1998; ToWlski 2002) or that leaner foragers are more manoeuvrable (Porter and Jorgensen 1981; Robinson et al. 2009a ). However, we now know that task is not a strong factor in predicting percent lipid in bumble bees. The adaptive function of having smaller bees with proportionally more lipids remains unclear.
Smaller workers bumble bees are more robust to starvation compared to larger workers . Now we know the smaller workers are fatter, which may explain this result. It appears that the function of lipids in bumble bees is diVerent from the role it plays in honey bee and ant foraging propensity. Therefore, these data contribute to our understanding of how social organization and physiology may interrelate diVerently across closely related taxa with similar social organizations. Just how physiological variation develops and why it evolves clearly requires further investigation.
